Periodontal pathogens possess virulent factors that are able to induce the synthesis of inflammatory mediators by host cells (9) . Tumor necrosis factor alpha (TNF-␣) and interleukin-1 (IL-1) were found to be elevated in tissues involved in periodontal diseases and have been suggested to play a part in the accompanying tissue destruction (17, 18, 22, 23) . Wahl et al. also reported increased NO levels in human inflamed periodontal tissues compared to those of uninflamed gingiva (38) .
Treponema denticola, the oral spirochete associated with periodontal diseases (15, 32) , was shown to possess various properties which enable it to damage periodontal tissues, e.g., motility, high proteolytic activity (12, 13, 28) , adherence to epithelial cells, and cytotoxicity (36) , as well as factors which may inhibit host cell functions (30) . In addition, the proteases of this bacterium can cleave the IL-1␤ precursor with the generation of biologically active fragments (3) . We have recently showed that T. denticola possesses membrane-associated lipoproteins and a lipooligosaccharide (LOS) (31) . An enriched delipidated lipoprotein fraction from T. denticola was shown by us to trigger the production of oxygen radicals and induced lysozyme release from human polymorphonuclear neutrophils (31) .
Lipoproteins from other spirochetes, such as Treponema pallidum and Borrelia burgdorferi, the etiological agents of syphilis and Lyme disease, have been isolated, and their roles as inflammatory mediators were recently studied (11, 25) . It has been shown that spirochetal lipoproteins, covalently modified with fatty acids similarly to the Escherichia coli murine lipoprotein, may act as major immunogens (4) as well as potent in vitro activators of monocytes/macrophages (25) , B lymphocytes, and endothelial cells (11, 27) . Synthetic lipopeptides corresponding to the lipoproteins' N-terminal domains were found to be responsible for the monocyte/macrophage activation (25) . Furthermore, Norgard et al. (20) reported that both lipoproteins and their lipopeptide analogues induced dermal inflammatory reactions in vivo similar to those observed upon injection of whole spirochetes.
Oral spirochetes are normally found in low numbers in the gingival sulcus in direct contact with the epithelium. Their numbers increase drastically in diseased sites, where the pocket epithelial layer loses its attachment to the teeth and is characterized by microulcerations, irregular ridges, and discontinuous basal lamina (22) . At this point, bacterial products may have deleterious effects on the underlying connective tissue (26) by activating host immune cells, which produce and release mediators that stimulate connective tissue breakdown. Diseased periodontal sites are characterized by a significant elevation in the number of pathogenic bacteria, including spirochetes, in the presence of dense inflammatory infiltrates. The aim of the present study was to investigate the capacity of T. denticola enriched lipoprotein fraction and LOS to activate secretory responses of macrophages.
MATERIALS AND METHODS

Bacteria.
T. denticola ATCC 35404 was obtained from the American Type Culture Collection, Rockville, Md., and cultured as described previously (28) .
Preparation of detergent phase proteins. Extraction and phase separation with Triton X-114 was performed as described previously (31) . The detergent phase proteins were delipidated by two washes of hexane-isopropanol (3:2 [vol/vol]) (24) and designated dLPP (delipidated lipoprotein). This solvent mixture was preferred to chloroform-methanol delipidation as it rendered homogeneous protein suspensions after resuspension of the lipoproteins in aqueous media. Where stated, dLPP was treated overnight at 37°C with proteinase K (Sigma) (1 g of proteinase K/1.5 g of dLPP) after the fraction was boiled for 10 min at 100°C.
Extraction and purification of LOS. Extraction and purification of LOS was performed as described before (31) with the following modification. After submitting the methanol precipitate to lyophylization, we resuspended it in phosphate-buffered saline (PBS), boiled it for 10 min, and further treated it with proteinase K for 24 h at 37°C to hydrolyze any contaminating protein. This procedure was repeated twice. The extract was then submitted to hydrophobic chromatography as described previously (31) . Biosynthetic labeling of the spirochetes and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed as described previously (31) . After being labeled, LOS was purified as described above.
Care was taken to prevent contamination of the T. denticola components with endotoxin throughout the isolation procedures. Endotoxin-free water (Biological Industries) was used for the preparation of all media and buffers.
Preparation of mouse inflammatory macrophages. A 1.5-ml quantity of 3% thioglycolate broth (Difco, Detroit, Mich.) was injected intraperitoneally into female mice 7 to 8 weeks of age. Four days after injection, the mice were sacrificed by cervical dislocation, and the peritoneum was washed with PBS. Macrophages were collected by aspiration of the PBS from the peritoneal cavity, washed twice, and counted with a hemocytometer. Cell viability was verified by the trypan blue exclusion technique and was found to be Ͼ95% in all experiments. The macrophages were suspended in RPMI 1640 medium (Biological Industries, Beit Ha-Emek, Israel) containing 100 U of penicillin/ml, 100 g of streptomycin/ml, 2 mM L-glutamine, and 5% fetal calf serum. The cells were plated in 24-well tissue culture plates (10 6 per well) and incubated for 60 min (37°C; 5% CO 2 ). Nonadherent cells were removed by aspiration, and the remaining adherent cells were washed three times with PBS prior to being used in the subsequent experiments. More than 95% of the cells were nonspecific esterase positive.
NO 2 ؊ accumulation. NO 2 Ϫ accumulation was used as an indicator of NO production in the medium and was assayed by Gries reagent (5) . Briefly, 100 l of Gries reagent (1% sulfanilamide-0.1% naphthylethylene diamine dihydrochloride-2.5% H 3 PO 4 [all from Sigma]) was added to 100 l of each supernatant in triplicate wells of 96-well plates. The plates were read in a Vmax microplate reader (Molecular Devices, Palo Alto, Calif.) at 550 nm against a standard curve of NaNO 2 (Sigma) in culture medium.
TNF-␣ measurement. Mouse TNF-␣ was measured by enzyme-linked immunosorbent assay (ELISA) with an antibody pair from Pharmingen (San Diego, Calif.). ELISA plates (96-well) (Maxisorp; Nunc, Naperville, Ill.) were coated with anti-TNF-␣ monoclonal antibody in a coating buffer (carbonate-bicarbonate buffer, pH 9.6) followed by overnight incubation at 4°C. The wells were blocked overnight (4°C) with 3% bovine serum albumin in coating buffer and washed, and samples in duplicate were added and incubated overnight (4°C). A rat anti-TNF-␣ biotinylated antibody was added, followed by streptavidin-horseradish peroxidase conjugate (Jackson ImmunoResearch Laboratories, West Grove, Pa.). o-Phenylenediamine was used as the substrate. The reaction was terminated by the addition of 4 N sulfuric acid, and the optical density was read in a Vmax microplate reader at 490 to 650 nm.
IL-1 bioassay. The assay used for measurement of IL-1 bioactivity was the modified lymphocyte activating factor assay as described earlier (2) . Briefly, thymocytes from 1-month-old C3H/HeJ mice were dispersed into single-cell suspensions in complete RPMI. 2-Mercaptoethanol (50 M), phytohemagglutinin (1 g/ml final concentration) and 4 U of recombinant human IL-1␤/ml (final concentration) were added to each well to establish a positive proliferation. The cells were plated at 5 ϫ 10 6 well in 100 l. The cultures were incubated at 37°C in 5% CO 2 for 72 h with the addition of 1 Ci of well-tritiated thymidine (5 mCi/mmol) (ICN) for the last 12 h and harvested onto glass fiber strips (PHD cell harvester, Cambridge, Mass.). Scintillation fluid was added, and the vials were counted in quadruplicate in a beta counter.
Endotoxin analysis. dLPP and the purified LOS were assayed for the presence of endotoxin activity by the Limulus amoebocyte lysate assay (kinetic turbidimetric method, performed by Biological Industries). Endotoxin activities of 0.05 and 0.36 ng/g were found for dLPP and LOS, respectively. Data analysis. All experiments were carried out three to five times, except for IL-1 determination, which was carried out in two independent experiments. Each condition was maintained in four to six replicate wells of cell culture. Statistical significance between treatments was calculated by one-way analysis of variance. When the results showed a significant difference between groups, the significance was calculated by the Bonferroni t test. The level of significance was determined to be a P value of Ͻ0.05.
RESULTS
dLPP of T. denticola ATCC 35404 induced the production of NO in mouse macrophages in a concentration-dependent manner (Fig. 1) . Maximal induction by dLPP was obtained at 5 g/ml, a concentration which reached saturation. Salmonella typhosa lipopolysaccharide (LPS) was used as a positive control through all the experiments at a concentration of 1 g/ml. Induction of NO by dLPP reached 25% of the levels obtained by LPS at similar concentrations. In order to ascertain that macrophage activation by dLPP was not due to contaminating endotoxin, macrophages were incubated with either LPS or dLPP in the presence of polymyxin B, which is known to form a stable complex with the lipid A region and neutralizes LPS activity (16) . While NO production induced by S. typhosa LPS was reduced by 90% in the presence of polymyxin B, no effect on NO induction produced by T. denticola dLPP was observed (Fig. 1) .
Induction of NO by LPS and dLPP was also examined in macrophages from LPS-nonresponsive C3H/HeJ mice (Fig. 2) . These macrophages produced very low NO levels when incubated with 1 g of LPS/ml, and the values were not different from the basal NO secretion. On the other hand, stimulation of C3H/HeJ macrophages with T. denticola dLPP (5 g/ml) induced a sixfold enhancement of NO secretion and was not affected by the addition of polymyxin B.
The effect of T. denticola dLPP on the production of IL-1 and TNF-␣ by mouse macrophages was also studied. LPS and dLPP at concentrations of 1 g/ml induced the same level of secretion of IL-1 (Fig. 3) .
T. denticola dLPP induced the production of TNF-␣ in both LPS-responsive (Fig. 4, left panel) and LPS-nonresponsive (C3H/HeJ) (Fig. 4, right panel) macrophages in a concentration-dependent manner. The dLPP-mediated induction of both cytokines was not affected by the addition of polymyxin B (Fig. 3 and data not shown) .
In order to find out whether structurally intact proteins contribute to the dLPP-induced macrophage activation, dLPP was submitted to degradation by proteinase K. As shown in Fig. 5 , proteolytic degradation of dLPP prior to stimulation of the macrophages decreased the production of NO by 50%.
We have previously shown that T. denticola possesses an LOS molecule that can be extracted from the bacterium by the classical phenol-water method, followed by intensive proteolysis to degrade contaminating proteins, and purified by hydrophobic chromatography. SDS-PAGE of the purified LOS is shown in Fig. 6 . The ability of the purified LOS to activate macrophages from LPS-responsive and LPS-nonresponsive mouse macrophages was further investigated. The LOS molecule induced the production of NO (Fig. 7, left panel) and TNF-␣ (Fig. 7, right panel) in a dose-dependent manner, but in contrast to dLPP, the LOS-mediated induction decreased by 80% in the presence of polymyxin B. Furthermore, LOS was able to induce TNF-␣ secretion from LPS-nonresponsive macrophages (Fig. 8) .
The kinetics of macrophage activation by dLPP and LOS were compared by measuring the NO induction of both stimulators after 24 and 48 h. Figure 9 shows kinetics of activation for the LOS different than that observed for dLPP. Maximal activation of NO by LOS was obtained after 24 h and then leveled off, while dLPP caused increased NO production throughout 48 h. S. typhosa LPS was used as a positive control and showed kinetics of activation similar to that of the T. denticola dLPP.
DISCUSSION
Recent work in our laboratory has shown that T. denticola possesses membrane-associated lipoproteins and LOS (31) . We also showed that an enriched lipoprotein fraction (dLPP) caused an enhanced luminol-dependent chemiluminescence effect and induced lyzozyme release by human polymorphonuclear leukocytes (31) .
The present results demonstrate that dLPP and the purified LOS of T. denticola 35404 are able to induce the synthesis of NO, IL-1, and TNF-␣ by murine macrophages. As Triton X-114 detergent phase extracts contain protein and nonprotein amphipathic molecules, it was important to determine the extent of macrophage activation by dLPP and LOS and to exclude the possibility that contaminating exogenous endotoxin was responsible for the macrophage activation. dLPP-mediated activation of mouse macrophages was unaffected by levels of polymyxin B that were found to neutralize the activity of LPS isolated from S. typhosa, as measured by the secretion of TNF-␣, IL-1, and NO. The lack of LPS involvement was also substantiated by the observation that dLPP induced NO and TNF-␣ production in LPS-unresponsive C3H/HeJ mice while S. typhosa LPS (1 g/ml) had no effect on these cells. The Limulus amoebocyte lysate assay indicated the presence of very low endotoxin activity in the dLPP fraction (0.05 ng/g of dLPP), which may be due to the presence of the T. denticola LOS in this fraction. It is worth noting that concentrations of bacterial endotoxin over 0.1 g/ml are needed to induce detectable NO secretion by macrophages (41); therefore, the endotoxin levels found in dLPP are too low to explain the considerable amounts of NO and cytokines secreted following activation by dLPP. dLPP appears to differ from purified S. typhosa LPS in its relative ability to induce IL-1, TNF-␣, and NO. dLPP was consistently more potent in inducing IL-1 than in inducing NO and TNF-␣ (Fig. 1, 3, and 4) . NO production was induced by proteinase K-digested treponemal dLPP. These findings suggest that N-terminal lipopeptides may constitute the biologically functional portions of the molecules, similar to the murine lipoprotein of E. coli as well as to the spirochetal lipoproteins of T. pallidum and B. burgdorferi. Interestingly, proteinase K-degraded dLPP was unable to directly stimulate human polymorphonuclear leukocytes (31) , in contrast to the undigested counterpart, suggesting that different molecules in dLPP are responsible for the polymorphonuclear leukocyte and macrophage stimulation.
T. denticola possesses an LOS of approximately 14 to 21 kDa, which runs as a broad band in SDS-PAGE. This LOS was purified from strain ATCC 35404 (31), but it is also present in T. denticola ATCC 33520 and the clinical isolate GM-1 (unpublished observations). Yotis et al. (40) have also isolated LOS from various strains of T. denticola, including ATCC 5 g per ml) . S. typhosa LPS (1 g/ml) and recombinant IL-1 (rIL-1) (1 ng/ml) were used as controls. The supernatants were removed after 24 h and assayed for the activity of IL-1. The results are expressed as the mean ϩ standard deviation of four to six culture wells. A significant difference was observed between dLPP stimulation and control cells.
35404, using a similar extraction methodology. Although the chemical structure of this molecule was not elucidated, its chemical composition resembled some characteristics of LPS (40) . On the other hand, Schultz et al. (29) have recently proposed that T. denticola LOS is a new type of outer membrane lipid. Their chemical analysis places this molecule chemically close to the lipoteichoic acids of gram-positive bacteria, while its biophysical membrane behavior is similar to that of the LPSs of gram-negative bacteria. It was therefore of interest to investigate its ability to activate macrophages and to assess its contribution to the dLPP-mediated macrophage activation due to its presence in the dLPP fraction. LOS stimulated the activation of NO and TNF-␣ in LPS-responsive and -nonresponsive mouse macrophages. Macrophage activation by LOS, similarly to LPS activation, was neutralized by polymyxin B, but in contrast to LPS, LOS was found to stimulate macrophages from LPS-nonresponsive mice. It is unlikely that activation of C3H/HeJ macrophages is due to contaminating proteins, as the LOS was submitted to repeated boiling and protease degradation before the chromatographic removal of the proteins.
On the other hand, although LOS is present in the dLPP fraction, its contribution to the overall dLPP-mediated macrophage activation does not seem to be significant. Silver-stained SDS-PAGE of dLPP (31) and densitometric analysis (not shown) showed that the LOS does not represent more than 5 to 6% of the total stain, and thus its concentration in dLPP concentrations effective for activation is very low. dLPP-mediated macrophage activation was not inhibited by polymyxin B, while LOS activation was significantly decreased by it. Furthermore, LOS and dLPP showed different activation kinetics (Fig.  9) . Thus, it seems that T. denticola may induce macrophage activation by at least two types of molecules, LOS and a different component(s) of dLPP, probably lipoproteins.
Gram-negative bacteria and their products are considered to be the primary causes of periodontal disease (33) . However, data accumulated over the last decade emphasize the important role of the host response, not only in protecting the tissues from the bacterial burden but also in the process of periodontal destruction (37) . Bacterial products have the ability to stimulate host cells to secrete a wide variety of proinflammatory mediators, which have numerous functions, some of which result in soft tissue and bone destruction (17, 18, 23) . Proinflammatory cytokines, such as TNF-␣ and IL-1␤, are known inducers of bone resorption (17) . These cytokines have been found in high levels in the gingival tissues and gingival crevicular fluids of patients with periodontal disease, and their presence has also been correlated with active bursts of periodontal disease activity (10, 21, 34, 35) . In addition, antibodies to TNF-␣ and IL-1␤ were recently found to block experimental periodontal disease in a primate model (1) . Taken together, the evidence suggests that these two proinflammatory cytokines are important mediators in the progression of periodontal destruction.
NO may be produced in large amounts and over long periods when inflammatory stimuli induce the nitric oxide synthetase of various host cells (8, 19) . NO is an important me- 9 . Kinetics of nitric oxide production by mouse macrophages stimulated with dLPP, LOS, and S. typhosa LPS. Peritoneal mouse macrophages were incubated with either dLPP (5 g/ml), LOS (5 g/ml), or S. typhosa LPS (1 g/ml) for the indicated time intervals. The supernatants were removed and assayed for the presence of nitric oxide. The results are expressed as the mean Ϯ standard deviation of four to six culture wells. ‫,ء‬ significantly different from the LOS and dLPP group. The last two groups were not significantly different. #, All three groups were significantly different from each other. diator in the killing of intracellular parasites by macrophages (6, 7) , and it is also involved in inflammatory conditions, such as autoimmune disorders (39) and streptococcal cell wall arthritis (14) . In the latter condition, NO seems to contribute to bone erosion and cartilage destruction (14) .
It has been reported that inflamed periodontal tissues generate increased nitrite levels compared to uninflamed gingival tissues (38) . LPS from gram-negative periodontopathogenic bacteria as well as dLPP or LOS from oral spirochetes may contribute to the enhanced NO levels in the periodontal tissues. Nevertheless, no data are available on the possible role of NO in the elimination of periodontal bacteria or its contribution to the injury accompanying periodontitis.
Using monoclonal antibodies against T. denticola, which is part of the anaerobic flora found in periodontal pockets, Simonson et al. (32) established quantitative evidence for a positive relationship between the presence of this oral spirochete and severe periodontitis. These diseases are chronic inflammatory processes that ultimately lead to a continuous alveolar bone and periodontal connective tissue destruction. The data presented in this study show that oral treponemal lipoproteins and LOS may contribute to the chronic inflammatory periodontal process. T. denticola may attach to epithelial cells and induce loss of cell contacts and increased epithelial permeability (36) . These effects may facilitate the access of spirochetal molecules, some of which are associated with outer sheath membrane blebs (28) , to connective tissue macrophages and induce their activation.
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